[1] Laboratory and field observations note the significant role of strength recovery (healing) on faults during interseismic periods and implicate pressure solution as a plausible mechanism. Plausible rates for pressure solution to activate, and the magnitudes of ultimate strength gain, are examined through slide-hold-slide experiments using simulated quartz gouge. Experiments are conducted on fine-grained (110 mm) granular silica gouge, saturated with deionized water, confined under constant normal stress of 5 MPa and at modest temperatures of 20 and 65°C, and sheared at a maximum rate of 20 mm/s. Data at 20°C show a log linear relation between strength gain and the duration of holding periods, whereas the higher temperature observations indicate higher healing rates than the log linear dependencies; these are apparent for hold times greater than $1000 s. This behavior is attributed to the growth and welding of grain contact areas, mediated by pressure solution. The physical dependencies of this behavior are investigated through a mechanistic model incorporating the serial processes of grain contact dissolution, grain boundary diffusion, and precipitation at the rim of contacts. We use the model to predict strength gain for arbitrary conditions of mean stress, fluid pressure, and temperature. The strength gain predicted under the experimental conditions (s eff = 5 MPa and T = 65°C) underestimates experimental measurements for hold periods of less than $1000 s where other frictional mechanisms contribute to strength gain. Beyond this threshold, laboratory observations resemble the trend in the prediction by our mechanistic model, implicating that pressure solution is likely the dominant mechanism for strength gain. The model is applied to the long-term prediction of healing behavior in quartzite fault zones. Predictions show that both rates and magnitudes of gain in contact area increase with an increase in applied stresses and temperatures and that fault healing aided by pressure solution should reach completion within recurrence interval durations ranging from <1 to $10 4 years, depending on applied stresses, temperatures, and reaction rates. 
Introduction
[2] Significant strength recovery is apparent both on faults, observed between earthquakes [Tadokoro and Ando, 2002; Li et al., 2003] , and in experimental measurements [Dieterich, 1972; Marone, 1998a; Olsen et al., 1998; Bos and Spiers, 2002] at reduced spatial scale. Fault strengthening (healing) exerts significant influence on fault behavior, as evidenced through earthquake nucleation and recurrence, and this time-dependent fault strengthening is well explained by empirical rate-and state-dependent friction laws [Dieterich, 1979; Ruina, 1983] . However, the precise mechanism of this process remains ill constrained. The importance of fluids in fault zones is apparent (see, e.g., Hickman et al. [1995] for a review), and fluids play not only mechanical (i.e., reduction of mean effective stress within faults induced by fluid overpressurization), but also chemical (i.e., densification/lithification and cementation of fault gouge driven by chemical potential gradients) roles in faulting phenomena. The mechanical and chemical effects are complexly coupled, and a detailed understanding of the interaction between them is required to define fault healing processes.
[3] Pressure solution [Weyl, 1959; Coble, 1963; Rutter, 1976; Robin, 1978; Raj, 1982] , controlled by gradients of chemical potential, involves three linked processes of dissolution at the stressed interfaces of grain contacts, diffusive transport of dissolved mass from the interface to the pore space, and finally precipitation at the less stressed surface of the grains. This process results in compaction (i.e., reduction in porosity and fluid permeability) and growth and welding of the grain contact areas, and may contribute to strength recovery (healing) on faults during interseismic periods [e.g., Olsen et al., 1998; Bos and Spiers, 2002; Frye and Marone, 2002] . Alternatively, the progress of pressure solution in hydraulically sealed fault systems may weaken the fault by reducing effective stresses through the augmentation of fluid overpressures [e.g., Angevine et al., 1982] . Pressure solution-aided fault healing is therefore the result of a competition between strengthening and weakening effects; however, the underlying physicochemical mechanisms involved are poorly understood.
[4] Neck growth Evans, 1991, 1992 ] is another conceivable candidate for fault restrengthening. This process is driven by the reduction of interfacial energy and results in the growth of intergranular contact (or neck) area by solute reprecipitation with no time-dependent compaction within faults, and contributing to a concurrent augmentation of shear resistance. Both pressure solution and neck growth may enable the contacting asperities within a fault to be cemented and strengthened, but these processes are driven by different driving forces; the former by mechanical stresses, and the latter by a reduction in interfacial area. Neck growth may dominate when interstitial pore fluids are presaturated with solute and stresses are low, and pressure solution may dominate where intergranular stresses are high; the latter condition is representative of these experiments.
[5] This work examines the effects of fluid-assisted processes (i.e., pressure solution and/or neck growth) on the evolution of strength in simulated fault gouge by conducting slide-hold-slide friction experiments at low temperatures in the range 20 to 65°C. These time-and temperature-dependent observations are explained through a model representing the growth in contact area that evolves between contacting grains as a result of pressure solution [Yasuhara et al., 2003] . Model predictions are compared with experimental measurements of changes in frictional strength as a function of hold periods. Subsequently, the model is extended to investigate the contribution of pressure solution to fault healing in natural faults by simulating environmental conditions for an extended range of applied stresses and temperatures.
Experimental Method
[6] A series of slide-hold-slide (SHS) friction experiments was conducted within a double-direct shear testing apparatus (for details, see Marone [1998a] and Karner and Marone [2000] ). A constant normal load was maintained by servo control in feedback mode with 0.1 kN resolution, with shear loads applied by displacement servo control with 0.1 mm resolution. Loads and displacements in both the vertical and horizontal directions were measured and controlled by load cells and displacement transducers, respectively.
Material
[7] Test samples comprised 3-mm thick layers of quartz powder, which were sheared between rough steel forcing blocks. Grooves were machined perpendicular to the shear direction to eliminate slip at the layer boundaries and confine shear within the granular layers. The area sheared was constant at 10 Â 10 cm 2 . The quartz powder was subangular Ottawa sand (>99% of SiO 2 ) as supplied by the U.S. Silica. Co. We used Natural Grain Product F-110, which has an initial median particle size of 110 mm and a size range of 50-150 mm. Gouge layers were constructed in a leveling jig to ensure that layers were uniform and reproducible at 3.0 mm thick. Sample preparation and experimental procedures are documented in detail by Frye and Marone [2002] .
Experimental Procedure
[8] Mounted in the loading system, the three-block sample was shrouded with a thin rubber membrane (see Figure 1) , and the normal stress, s n , was incremented to 40 MPa. Once stressed, the sample and three-block assemblage were submerged within deionized water.
[9] Subsequently, two tests of p217 and p219 were conducted at temperatures of 20 and 65°C (±1.5°C), respectively. Heating was accomplished by twin thin cylindrical electrical resistance heaters, submerged within the water bath, with convective heat transfer augmented by a submerged air pump. Thermocouples maintained the water bath and sample at the prescribed temperature, which was elevated to 65°C at a rate of $0.3°C/min while the normal stress of 40 MPa was maintained constant.
[10] Prior to beginning the SHS tests at 20 and 65°C, the gouge layers were precompacted by performing three shear load cycles at 40 MPa normal stress. Normal stress was then reduced to 25 MPa and the gouge layers were sheared to a Figure 1 . Schematic of the double-direct shear apparatus. Quartz gouge layers are sheared between rough steel blocks. Normal and shear stresses are servo-controlled via two independent actuators. The sample is submerged within deionized water and is heated up to a prescribed temperature (65°C). We focused on a chemically simple system (SiO 2 + H 2 O) for two reasons. The first is because solution transfer effects can be predicted on the basis of compaction and healing data obtained at higher temperature, though the rates may be very slow in the present tests. The second is that dissolution occurs with no change in pH, making the system transparent to interpretation. The elevated temperature (65°C) in our experiments is significantly lower than those of previous experiments focused in friction behavior on healing (230-927°C) [Fredrich and Evans, 1992; Chester and Higgs, 1992; Chester, 1994; Karner et al., 1997; Olsen et al., 1998; Tenthorey et al., 2003] , and in compaction behavior preferably driven by pressure solution (200 -600°C) [e.g., Dewers and Hajash, 1995; Niemeijer et al., 2002; Spiers et al., 2004] . Pressure solution is rate controlled by temperature, applied stress, and grain size. The dependency on stress and grain size is roughly linear, while the dependency on temperature is of Arrhenius-type (exponential) [e.g., Yasuhara et al., 2003] . Thus even the relatively low temperature (65°C) used in these experiments likely exerts a measurable influence on fault strength recovery (healing) over the effects at room temperature.
Experimental Results and Analyses

Results
[12] SHS tests were conducted to examine the timedependent frictional restrengthening of simulated fault gouge, mediated by fluid-assisted processes. During the tests, loading and steady frictional sliding was interrupted for periods of 30-10 4 s, before loading was resumed at the original rate (20 mm/s). Figure 2 shows the changes in both layer thickness and the coefficient of friction, defined as the measured shear stress divided by the applied normal stress (t/s n ), as a function of load point displacement at the temperatures of 20 and 65°C. SHS tests conducted at 20°C show the usual monotonic increase of Dm c , defined as the difference between minimum and steady state sliding friction, and Dm, defined as the difference between peak and steady state sliding friction, with an increase of hold time. Also consistent with prior results is the progress of compaction during shear. For measurements at 65°C, no trend in Dm c and Dm are apparent prior to the limiting hold of 3000 s. Following this, comparable response to the experiment at 20°C is apparent; stable sliding friction (m ss ) systematically increases with an increase of hold time, and posthold dilation dominates over prehold compaction.
[13] Figure 3a shows the change in Dm c for hold times between 30 and 10 4 s, at temperatures of 20 and 65°C. Data measured at 20 and 65°C exhibit an increase in Dm c with increase in hold time, although both the magnitude and growth rate of Dm c at 65°C are slightly greater than at 20°C. However, at 65°C the mismatch between the data and the regression line is observed for hold periods greater than 1000 s.
[14] Figure 3b shows changes in Dm with log hold time. At 20°C Dm increased systematically and linearly at a rate of 0.0082 per decade with log hold time, consistent with results from other SHS tests conducted under similar conditions [e.g., Chester, 1994; Frye and Marone, 2002] . Our results, for saturated materials, indicate a distinct transition in frictional healing at 65°C for hold times greater than 1000 s. We observe a sixfold increase in the healing rate from 0.0041 to 0.026 per decade. This transition documents the significant impact of fluid-assisted processes at elevated temperatures on frictional restrengthening.
[15] We note significant differences between prehold and posthold stable sliding friction (Dm ss = m ss post À m ss pre ) as a function of hold time ( Figure 3c ). Negative values of Dm ss denote frictional weakening, and positive values frictional strengthening. The negative and uncorrelated magnitudes of Dm ss at 20°C indicate that the shearing behavior is predominantly frictionally weakening with little effect of hold time. Conversely, at 65°C, the data show a strong positive trend in frictional strengthening for hold times in excess of 1000 s, clarifying the transition observed in changes in Dm following this threshold hold time (Figure 3b ).
Analyses
[16] Our experimental measurements ( Figure 3 ) indicate that frictional strengthening is dependent on both heal periods and temperature. This behavior is apparent for hold periods in excess of 1000 s and at temperatures elevated to 65°C, as evidenced by the prominent transition in the data. The frictional strengthening is attributed to the increase in contact area and/or contact bonding within grains, and may result from the combined effects of frictional processes (i.e., the strengthening of asperities that oppose shear between contact surfaces [Dieterich, 1972] , which shows a log linear relation between strength gain and the duration of holding periods and is observed typically at room temperature) and the augmentation in cohesion (i.e., strengthening of welded contacts) [Tenthorey et al., 2003; Muhuri et al., 2003] . Of these, the mechanism of the former remains ill constrained, but the latter likely results from pressure solution -a systematic combination of stress-induced mass dissolution at grain contacts (grain indentation), diffusive mass transfer along the grain boundary, and reprecipitation of this mass on the less stressed pore walls (grain cementation) and/or neck growth -a precipitation-dominant process driven by interfacial energy reduction. The effects of pressure solution (i.e., grain cementation resulting in cohesion gain) are observed in gouge microstructures [Olsen et al., 1998; Kanagawa et al., 2000; Bos et al., 2000; Bos and Spiers, 2002] , and neck growth is reported in the halite/halite lens experiments of Evans [1991, 1992] . In the halite/halite dissolution experiments, neck growth is observed with no time-dependent convergence (or compaction), whereas in halite/fused-silica experiment, no neck growth occurs with measured convergence, implicating that neck growth is likely a minor contributor to the observed increase in cohesion in our experiments. This follows because during hold periods we observed time-dependent compaction of gouge layers. This interpretation may be further justified from a thermodynamic standpoint. The chemical potential difference Dm between the stressed contact area and the free face of grains is defined as [e.g.,
where s a is the disjoining pressure equal to the amount by which the pressure acting at contact area exceeds the hydrostatic pore pressure, V m is the molar volume of the solid, Df is the molar Helmholtz free energy (i.e., elastic and plastic strain energy) difference between the contact and the free pore walls, H is the mean local curvature of the solidliquid interface, and g is the specific interfacial energy. The chemical potential difference is the driving force to activate mineral dissolution at the interfacial contact area as compaction (i.e., pressure solution, microcracking, and dislocation creep) proceeds. On the other hand, the effects of applied stress and strain energy (first and second terms in the right-hand side of equation (1)) may be dominated by the effect of interfacial energy as no compaction occurs. If this is the case, the negative chemical potential difference will likely trigger a switching from mineral dissolution (mass export) to precipitation (mass import) around the periphery of the contact area (i.e., neck growth). It is apparent in our experiments that the effect of compaction is dominant, and thus the gain in cohesion observed during hold periods is therefore considered to result mainly from pressure solution.
[17] Although deconvolving the relative contributions of asperity strengthening and grain cementation to the resulting frictional strength, may be difficult, the characteristic transition of frictional gain at 65°C and hold times >1000 s (Figure 3 ) may be attributed to the switching of the dominance from strengthening of asperities to an increase in cohesion by cementation due to pressure solution. Thus, as an end-member, we analyze frictional strengthening by considering a Coulomb failure criterion (t = c + s n m), where the microscopic coefficient of friction is assumed constant. An alternate approach would be to account for time-dependent asperity strengthening, based on room temperature measurements, and attribute additional restrengthening to cohesion; however we focus only on the simpler approach, e.g., constant friction, in this paper. [18] Figure 4 shows the augmentation in cohesion with log hold time. The initial cohesion and coefficient of friction are assumed to be zero and 0.68, respectively (m 0 of 0.68 was obtained from stable sliding friction before the initiation of hold periods (see Figure 2b) ). The cohesive contribution to the observed frictional behavior is evaluated by subtracting the effect of friction from the observed shear strength (t). The frictional component is the product of applied normal stress (5 MPa) and constant coefficient of friction (0.68). The evaluated contribution of cohesion increases at a rate of 0.010 MPa/decade for hold periods of between 30 and 1000 s, followed by a rapid increase in the cohesive strengthening rate of 0.24 MPa/decade, after 1000 s. This further illustrates the growing dominance of cohesive resistance for prolonged hold times, and is consistent with strength augmentation mediated by pressure solution, as opposed to strengthening resulting from asperity strengthening.
[19] This interpretation of the growth in cohesive strengthening with prolonged hold time is supported by the measurements of the change in layer thickness between preholding and postholding and stable sliding friction modes. Figure 5 shows changes in normal strain measured both prehold and posthold, during the SHS tests. The normal strain, Df cÀd , represents the difference between compaction that occurs during heal time, and the peak dilation that occurs immediately after reshear (compaction is denoted negative). Data at 20°C show slight net compaction for all healing times, whereas the higher-temperature measurements indicate net dilation for hold times greater than 3000 s. This response is interpreted to result from the increase in dilation that results when aggregates of welded grains are forced to displace as an assemblage; the welding results from cementation driven by pressure solution. The bonded grain aggregates preferentially dilate upon reshearing, as illustrated in Figure 6 , and enhanced dilation mediated by an increase in cohesion contribute to increased frictional strength.
[20] Consistent with this interpretation, Dm ss is dilational at 65°C for hold times of 3000 and 10000 s (Figure 3c ), resulting in a net increase in stable sliding friction. Shearing within a gouge layer is likely localized and an indurated layer (i.e., grain bonded) at the shearing zone result in higher sliding frictional resistance.
Quantification of Strength Gain Mediated by Pressure Solution
[21] Data at 65°C show significant augmentation in strength for hold times in excess of 1000 s (Figures 3  and 4) . These results reflect the monotonic increase in cohesion with an increase in hold time, and are consistent with the growth of welded grain contacts moderated by solution transfer processes. This interpretation has been suggested as a plausible mechanism for laboratory [e.g., Karner et al., 1997; Olsen et al., 1998; Bos et al., 2000] and field [e.g., Moore et al., 2000; Tadokoro and Ando, 2002; Li et al., 2003] observations, yet few relevant theoretical studies examine this process from a mechanistic perspective. In the following we examine time-dependent cohesive strengthening that accompanies the welding of grains by the model of pressure solution for arbitrarily open or closed (hydraulic) systems [Yasuhara et al., 2003] . As noted in the section 3.2, we presume that neck growth exerts little influence on cohesion under our experimental conditions.
Mechanistic Model
[22] The model of Yasuhara et al. [2003] accounts for the three serial processes of grain contact dissolution, grain boundary diffusion, and precipitation at the free grain surface (Figure 7 ) that prescribe the progress of pressure The model procedure allows one to track reaction progress of compaction (i.e., domain shortening and growth of contact area), and pore fluid chemistry, for arbitrary mean stress, fluid pressure, and temperature within both hydraulically open or closed systems. We account for dissolution at the grain-to-grain contacts, mass input to the thin water film between grains [e.g., Pashley and Kitchener, 1979; Tada et al., 1987] , and mass diffusion along the interface. This mass transport is driven by the gradient in chemical potential between highly stressed contact junctions and less-stressed sites on the pore wall. Supersaturation of the pore fluid solution promotes reprecipitation on the available grain surface. The ensemble processes result in compaction, increased contact area, and possibly augmentation of bonding within asperity contact junctions.
[23] In defining mass redistribution for the serial processes of dissolution, diffusion, and precipitation, it is convenient to utilize the mineral mass fluxes, given by Yasuhara et al.
[2003] as
where dM diss /dt, dM diff /dt, and dM prec /dt represent the dissolution, diffusion, and precipitation mass fluxes, respectively. In equation (2) s c is the critical stress, which defines the stress state where the compaction of grain aggregates will effectively halt, k + is the dissolution rate constant of the solid, r g is the grain density (2650 kg m
À3
for quartz), d c is the diameter of the asperity contact, R is the gas constant, and T is the temperature of the system. In equation (3) w is the thickness of the water film trapped at the interface, D b is the diffusion coefficient, a is an infinitesimal length (which we set to one thousandth of the diameter of the initial asperity contact) substituted to avoid a singularity in integrating Fick's first law to the center of a circular contact area, and (C int ) x=a and (C pore ) x=d c /2 are mineral concentrations in the interface fluid and pore space, respectively. In equation (4) V p is the pore volume, k À is the precipitation rate constant of the dissolved mineral, and C eq is the equilibrium solubility of the dissolved mineral. A is the relative grain surface area, and M is the relative mass of the fluid, which are dimensionless quantities defined by Rimstidt and Barnes [1980] . In equation (2) the critical stress, s c , is determined by considering the energy balance under applied stress and temperature conditions, given by (see Revil [1999] as modified from the work by Stephenson et al. [1992] ),
where E m and T m are the heat and temperature of fusion, respectively (E m = 8.57 kJ mol À1 , T m = 1883 K for quartz).
[24] The crucial parameters of dissolution/precipitation rate constant, k + /k À , diffusion coefficient, D b , and equilibrium solubility, C eq , are well constrained for quartz and all have Arrhenius-type dependence with temperature, given by
Appropriate magnitudes are selected for these constants defining the temperature dependence as k [Revil, 1999] , and C 0 = 67.6 kg m
À3 and E C = 21.7 kJ mol À1 .
[25] The solute concentrations that develop, both at the interface between grains, C int , and within the pore fluid, C pore , may be evaluated by considering mass balance within the system [Yasuhara et al., 2003 ], as
where
[26] The three processes of dissolution, diffusion, and precipitation, coupled with the associated change in geom- Figure 7 . Schematic illustration of pressure solution. This incorporates the serial processes of dissolution at grain-tograin contacts, interfacial diffusions, and precipitation at the free wall of grain and results in growth and welding of the contact area.
B06310
YASUHARA ET AL.: FRICTIONAL HEALING BY PRESSURE SOLUTION etry, are combined to define the time-dependent progress of porosity reduction (growth in contact area) and mass concentrations within the interface and pore fluid.
[27] The model initial conditions are established by Hertzian contacts of area, A c0 , between hemispherical grains, given by
where d is grain diameter, s eff is mean effective stress, n is Poisson's ratio, and E is Young's modulus. The representative pore volume is assumed to be water with an equilibrium concentration of quartz. Thus our initial conditions are such that concentrations of quartz in the interface and pore space are identical to the solubility of quartz, C eq . Once stressed, during time step Dt, the masses mobilized by dissolution, diffusion, and precipitation are evaluated simultaneously from equations (2), (3), and (4), respectively. Physically, the dissolved mass evaluated from equation (2) is supplied to the interface, and domain shortening proceeds as this mass passes along the interface by diffusion. Some portion of the dissolved matter is removed from the interface as it exits into the pore fluid, as defined by equation (3). Depending upon the relative concentration differential between the pore fluid solution and the equilibrium concentration, a portion of the mass removed to the pore fluid is deposited to the grain surface (equation (4)) and the geometry of the grain is correspondingly modified (see Appendix A). As a result, the porosity of the system, together with the contact area is evaluated and updated. Simultaneously, concentrations in the interface and pore fluid are updated utilizing equations (10) and (11). An iterative procedure is accommodated to conduct a consistent calculation until the system reaches an equilibrium state.
Prediction of Strength Gain
[28] The procedure described above is used to follow the progress of interpenetration and grain contact growth for prescribed mean stress and temperature. As a first-order approximation, we assume that cohesive strength is directly proportional to contact area. Correspondingly, the growth in Coulomb cohesion is proportional to the growth in contact area, and the augmentation in contact area may be evaluated from the progress of pressure solution at the grain-grain contact. Figure 8 compares the growth of surface area with the evolution of strength observed in the experiments. Strength gain is normalized as the ratio of peak shear stress, recorded at designated hold times, to the shear strength for initial sliding friction (m 0 = 0.68). The growth in contact area is normalized relative to the initial Hertzian contact area, A c /A c0 with predictions completed at 65°C for the material parameters summarized in Table 1 . Tabulated dissolution and precipitation rate constants (k + and k À ), which are the crucial parameters controlling the rate of reaction, are increased thirtyfold, sixtyfold, and hundredfold to assess the magnitude of strength gain in the experimental measurements. These multipliers are relatively large, but are justified by consideration of the larger (but unmeasured) true microscopic reaction area at the grain-grain contact, relative to the macroscopic contact area, A c , used in the analysis [e.g., Canals and Meunier, 1995] . The ratio of the true surface area over the apparent (smooth) surface area may be as high as 20 [Murphy and Helgeson, 1989] , and the modifications in the reaction rates in the range thirtyfold to one hundredfold remain plausible. Also, shear stresses relax during hold times, and likely results in enhancement in the chemical potential at grain-to-grain contacts (see equation (1)). Enhanced chemical potential would lead to further augmentation in rate of pressure solution, but the model does not account for this effect. This may be another contributor to the underestimation of the observed strength gain, relative to theoretical predictions. As apparent in Figure 8 , the predictions underestimate the observed strength gain for hold times less than 1000 s, but subsequently represent observations reasonably well (specifically for the sixtyfold increase). The underpredictions for short hold times are consistent with the minimal influence that pressure solution exerts in this range of the parameter space, relative to other effects (e.g., ''frictional healing.''). However, once activated, a mechanism of pressure solution healing (i.e., growth and welding/cementing of the contact areas) is consistent with the observed data, with this effect dominating over others for hold times longer than $1000-3000 s. The predicted transition of the dominant strengthening mechanism from frictional to cohesive (pressure solution) at around 1000 s is also consistent with observations (Figures 3-5) . Figure 8 . Contrast of the growth of contact area with the evolution of strength observed in the experiments. Strength gain is normalized as the ratio of peak shear stress to the shear strength for initial sliding friction (m 0 = 0.68). The growth in contact area is normalized relative to the initial Hertzian contact area, A c /A c0 . The predictions underestimate the observed strength gain for hold times less than 1000 s but subsequently follow observations reasonably well, especially for sixtyfold increase. 
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[29] The model is also able to consistently predict magnitudes and rates of compaction during periods of healing. Figure 9 shows changes in both measured and predicted (the sixtyfold increases in k + and k À ) normal strain (compaction here is taken as positive) at 65°C. The experimentally observed strain rate recorded during a hold of 10000s duration is 2.62 Â 10 À7 s
À1
, and this compares with a predicted magnitude roughly one order of magnitude smaller (1.45 Â 10 À8 s
). This underprediction may result from the unaccounted contributions of grain rotations and redistribution (packing densification) and the increase in compaction rate mediated by shear stress.
Implications for Strength Recovery in Natural Faults
[30] Both the experimental measurements and the model predictions indicate that a quartzitic fault gouge may be indurated by pressure solution processes, and that the log linear relation between healing and waiting period, for example, as predicted by rate and state friction [Marone, 1998a] , may need to be modified. Notably, the rates of strength recovery based on the log linear relation may significantly underestimate the actual rates and magnitudes of fault healing during long interseismic periods. Although seismic estimates of fault healing appear to be consistent with log linear laboratory values [Marone et al., 1995; Marone, 1998b] , our data indicate that a quantitative understanding of healing rates in natural fault gouge must account for pressure solution processes and time-dependent evolution of contact area. Neck growth at contacting asperities may be another solution transfer process that strengthens faults during interseismic periods, although this is a minor effect in our experiments. This process may dominate over the effect of pressure solution when effective stresses acting on an enlarged contact area drop sufficiently that pressure solution effectively ceases; this transition will be heralded by an arrest in compaction. However, the interaction between pressure solution and neck growth is still ill constrained, and more work is needed to incorporate a linked process of neck growth in the current model. Thus the process of fault strengthening is hereinafter examined by considering only pressure solution.
[31] To account for fault healing by pressure solution processes, we employ the model developed above, where contact junction growth is used to account for strength gain. Calculations are completed for a variety of representative depths within the fault zone. We use an average effective stress gradient (i.e., overburden minus hydrostatic pressure), and geothermal gradient of 12 MPa/km, and 25°C/km, respectively. Parameters of critical stress, s c , dissolution/precipitation rate constants, k + /k À , diffusion coefficient, D b , solubility of quartz, C eq , and Hertzian contact area, A 0 , are calculated according to prescribed stress and temperature conditions by equations (5) - (9), and (12), respectively. At all depths an initial grain diameter, d, is set to 110 mm, and a constant water film thickness, w, of 4.0 nm is assumed, although this thickness may be a function of applied stress [Pashley, 1982; Horn et al., 1989] . Figure 10 shows the evolution of contact area with healing time at depths from 1 to 5 km, predicted with both no modifications for all parameters obtained by equations (5) -(9) and (12) and hundredfold increases in the reaction rate constants (k + and k À ). Reaction rate constants are well constrained under laboratory environments, but may be scale dependent and the discrepancy Figure 9 . Changes in normal strain (compaction is taken as positive) during healing period for (a) experiment and (b) prediction at 65°C. Strain rates of the observation and the prediction are 2.62 Â 10 À7 and 1.45 Â 10 À8 s À1 , respectively. Figure 10 . Evolution in contact area, normalized by initial contact area, with healing time at depths from 1 to 5 km. Solid and dotted lines represent predictions without any modifications and with hundredfold increases in reaction rate constants (k + and k À ), respectively. Healing rates and magnitudes increase with depth (i.e., applied temperatures and stresses).
between laboratory and filed is poorly understood. The multiplier applied here is relatively large and may be an upper bound for reaction (healing) rates (maybe, even if the effect of neck growth is involved). As apparent in Figure 10 , healing rates are magnified linearly with this multiplier; at a depth of 1 km durations to equilibrium are increased from $10 4 to $10 2 years.
[32] Predictions without modifications in reaction rate constants indicate that both rates and magnitudes of gain in contact area increase with depth. In particular, healing rates are significantly magnified with depth; healing at a depth of 1 km is completed on the order of 10 4 years, whereas less than 50 years is required at depth of 5 km. Importantly, a maximum strength gain results, with this peak strength is both attained more quickly, and of greater magnitude, with increasing depth. The process of pressure solution is jointly mediated by stress and by temperature, with the rates and ultimate magnitudes of strength gain generally controlled by the environmentally applied temperature and stress conditions, respectively. Moreover, the dependency on stress is roughly linear, with the temperature dependency more pronounced because of the linkage of dissolution rates with its Arrhenius-type (exponential) dependence. The exponential dependence on temperature results in rapid augmentation of healing rates between the depths of 1 km (45°C) and 5 km (145°C). Predictions show healing periods in the wide range <1 to $10 4 years, depending on depths and applied reaction rates. Specifically, the reaction rates significantly control overall behavior, which requires that they be carefully examined to obtain more realistic predictions on healing processes.
[33] An important component of the model is the ability to calculate the evolution in porosity during compaction. The magnitudes of the ultimate porosity at depths of 1, 3, and 5 km are evaluated as 0.43, 0.27, and 0.06, respectively. Notably, porosities at depths below 5 km are prominently low, and may result in the overpressuring of pore fluids because of impermeable sealing, depending on the evolution in transport properties of the gouge. However, the conditions of this overpressurization are not evaluated in this work. A quantitative and mechanism-based understanding of the generation of overpressurizing is required because this likely results in fault weakening, which could potentially trigger earthquake nucleation [e.g., Sleep and Blanpied, 1992; Tenthorey et al., 2003] .
Conclusions
[34] Laboratory experiments have been conducted to examine the effects of solution transfer processes on frictional healing in simulated quartz gouge layers. Data at 20°C show a log linear relation between healing and hold periods with the frictional healing rate of 0.0082 per decade. At mildly elevated temperature (65°C), frictional healing is faster than suggested by the log linear dependency for hold times above a threshold of $1000 s. The temperature and hold time threshold for this strength gain suggests pressure solution as a plausible mechanism, strength gain being related to the growth in grain-grain contacts within the particulate assemblage. The feasibility of this pressure solution mechanism is reinforced by observations of increase in the stable sliding friction and generation in posthold dilation more than compaction during healing.
[35] A mechanistic model [Yasuhara et al., 2003 ] is applied to examine the growth of contact area with time, linking this observation as a proxy for strength gain observed during periods of healing. This model incorporates the process of pressure solution, representing the three serial processes of grain contact dissolution, grain boundary diffusion, and free-wall precipitation. This enables the evolution of contact area to be followed in time under arbitrary prescribed stress and temperature conditions. The model underestimates experimental measurements of fault healing for short hold durations (less than 1000 s), due to the dominant influence of other frictional mechanisms of strength gain. However, for hold durations longer than $1000 s, rapid growth in strength with hold time is well represented by a model for pressure solution if the unknown magnitude of microscopic asperity contact area is increased over the nominal macroscopic contact area.
[36] For pressure solution, the prediction for strength gain does not show the same log linear dependence between healing and time, apparent in other frictionally based mechanisms. Thus, if healing is rate controlled by pressure solution, extrapolation by the log linear relation may significantly underestimate actual healing rates in natural faults. The model is applied to the long-term prediction of the behavior of fault healing. Predictions show augmentation of healing in both rates and magnitudes with depth, and indicate that pressure solution may form impermeable fault zones and result in pore fluid overpressurization that likely plays a key role in the rupture of fault zones.
